Plastic changes in the nucleus accumbens (NAcc), a structure occupying a key position in the neural circuitry related to motivation, are among the critical cellular processes responsible for drug addiction. During the last decade, it has been shown that memory formation and related neuronal plasticity may rely not only on protein synthesis but also on protein degradation by the ubiquitin proteasome system (UPS). In this study, we assess the role of protein degradation in the NAcc in opiate-related behaviors. For this purpose, we coupled behavioral experiments to intra-accumbens injections of lactacystin, an inhibitor of the UPS. We show that protein degradation in the NAcc is mandatory for a full range of animal models of opiate addiction including morphine locomotor sensitization, morphine conditioned place preference, intra-ventral tegmental area morphine self-administration and intra-venous heroin self-administration but not for discrimination learning rewarded by highly palatable food. This study provides the first evidence of a specific role of protein degradation by the UPS in addiction.
INTRODUCTION
Addiction is defined as a compulsive use of a substance despite negative consequences. The high reinforcing properties of drug of abuse lead to pathological usurpation of neural processes that normally serve reward-related learning (Conrad et al, 2008) . In recent years, it was shown that the transition to addiction depends on plastic changes in the reward system (Conrad et al, 2008; Kasanetz et al, 2010; McClung and Nestler, 2008) . These neuro-adaptations, such as synaptic plasticity and changes in neuronal morphology, share many similarities with mechanisms involved in longterm memory (Hyman et al, 2006; Kauer and Malenka, 2007; Kelley, 2004; Robbins et al, 2008) .
In rodents, contextual memory involves a reorganization of hippocampal neuronal networks that requires protein synthesis (Alberini, 2005) . Although it has attracted less attention than gene transcription and protein synthesis, protein degradation by the ubiquitin proteasome system (UPS) is now believed to have a crucial role in synaptic plasticity and memory (Fioravante and Byrne, 2011) . The UPS function is based on the enzymatic linkage of a chain of ubiquitins (poly-ubiquitination), which directs the protein to degradation in a large proteolytic complex called the proteasome (Hegde, 2010) . UPS-dependent protein degradation in the hippocampus of rodents is necessary for synaptic plasticity (Dong et al, 2008; Fonseca et al, 2006; Karpova et al, 2006) and long-term memory consolidation and reconsolidation in spatial and contextual learning (Artinian et al, 2008; Kaang and Choi, 2011; Lee et al, 2008; Lopez-Salon et al, 2001) .
UPS activity is also involved in cellular adaptations induced by long-term morphine treatments. We reported that cellular sensitization produced by morphine involves the degradation of G proteins by the UPS in neuroblastoma cells (Mouledous et al, 2005) . The UPS has also been implicated in morphine-induced downregulation of the glutamate transporter EAAC1 (Yang et al, 2008a (Yang et al, , 2008b ). An important question is, therefore, whether the UPS is necessary for the reinforcing properties of drugs of abuse.
The nucleus accumbens (NAcc) is an important point of convergence in the reward circuitry (Robbins and Everitt, 1996) and has a major role in the reinforcing properties of drugs of abuse (Cardinal and Everitt, 2004) . Pathological plasticity in the NAcc is thought to participate in the transition from recreational to compulsive drug use (Belin et al, 2009) . The purpose of the present study was to evaluate the necessity of UPS in the NAcc for the development of opiate-induced behaviors in rodents. First, we investigated whether injection of morphine in vivo could induce poly-ubiquitination in the NAcc. Then, our strategy was to determine the effects of protein degradation blockade by using lactacystin, a proteasome inhibitor, on a wide range of behavioral paradigms commonly used to test morphine reinforcement: morphine conditioned place preference (morphine CPP), morphine-induced behavioral sensitization, and two operant paradigms, intra-ventral tegmental area (VTA) morphine self-administration in the Y-maze and free access intra-venous heroin self-administration. This strategy allowed us to provide compelling evidence for a role of protein degradation in the NAcc in opiate-related behaviors.
MATERIALS AND METHODS

Subjects
Three-month-old C57BL/6J male mice obtained from Charles River (l'Arbresle, France) were used in all experiments except for intra-venous self-administration of heroin, which was conducted on 10-to 12-week-old male SpragueDawley rats obtained from Janvier (Le Genest Saint Isle, France). They were subjected to a 12-h light-dark cycle, with lights on at 0800 h with food and water ad libitum. Animal surgery and experimentation are authorized by the French Direction of Veterinary Service to BF, J-MZ, LM, MS, PR, and VD and were approved by the French Animal Care and Use Committee (MP 02/02/02/06). Experiments were performed in accordance with the Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research (NRC, 2003) and the European Communities Council Directive of 24 November 1986 (86/609/EEC).
Surgery
NAcc guide cannulae implantations were performed as described in Marchand et al (2006) . Briefly, mice and rats were anesthetized with a mixture of Ketamine and Xylazine (respectively 100 and 15 mg/kg for mice and 60 and 10 mg/kg for rats) and placed in a stereotaxic apparatus. For mice, the guide cannulae (9 mm long, 0.3 mm in diameter) were lowered vertically at the following coordinates measured from bregma: A, þ 1.6, L, ± 1, and V, À 3 mm from skull. VTA guide cannulae implantation was performed during the intra-NAcc implantation procedure and was positioned 1.5 mm above the VTA under the following coordinates: 0.40 mm anterior to the interaural line, 0.30 mm lateral to the sagittal line, and 3.30 mm vertically below the surface of the skull as described in Baudonnat et al (2011) . Rats were implanted with catheters in the right jugular vein (Chauvet et al, 2009 ) and bilateral guide cannulae (24GA; Plastic One, Roanoke, VA) aimed at the NAcc shell following coordinates measured from bregma: A, þ 1.8; L, ± 3.2; V, À 6.6 mm from the skull, angle: 161.
Drugs
Saline solution refers to 0.9% NaCl dissolved in sterile water. Lactacystin (Sigma) was dissolved in 2% DMSO, MG132 (ZLeu-Leu-Leu-al, Sigma) was dissolved in saline solution, both at a final concentration of 200 mM. Morphine hydrochloride (10 mg/kg, i.p.) was obtained from Francopia (Gentilly, France). Heroin hydrochloride was obtained from Research Triangle Institute (Research Triangle Park, North Carolina) and dissolved in sterile water.
Intracerebral Infusion
At least 1 week after surgery, the injector tip was inserted into the guide cannula and protruded 1 mm for mice and 2 mm for rats. Proteasome inhibitor solutions were delivered in a volume of 0.5 ml per side at a speed of 0.125 ml/min (animals were single housed and freely moving during the injection).
Test of Proteasome Activity
Mice (n ¼ 8) received an injection of lactacystin in one side of the NAcc and 2% DMSO in the other. NAcc was dissected out under binocular microscope from slices of 1 mm thickness obtained as described (Artinian et al, 2008) and homogenized in Tris 100 mM, pH 8. Protein concentrations were equilibrated and proteasome activity was measured as described in Artinian et al (2008) .
Place Conditioning
Apparatus and pre-conditioning session were described in Marchand et al (2006) . During conditioning, drug treatment (intra-peritoneal saline or morphine) and side presentation (black or white) were randomly assigned. Morphine and saline were given alternatively in the morning and in the afternoon during 3 days, half of the mice receiving morphine in the morning and the other half receiving morphine in the afternoon. One hour before receiving i.p. morphine, animals were pre-injected with either intra-NAcc proteasome inhibitors (lacta or MG132) or its vehicle (DMSO or saline, respectively). One hour before i.p. saline, mice received intra-Nacc vehicle. Ten minutes after the i.p. injection of morphine or saline, mice were confined to the associated compartment during 20 min. Twenty-four hours after the last conditioning session, post-conditioning test was performed in the same conditions as in the pre-conditioning test without habituation session (both test sessions lasted 20 min).
Behavioral Sensitization
Locomotor activity was measured in an apparatus composed of six Plexiglas boxes (25 Â 21.5 Â 9.5 cm) equipped with infrared beams to measure mice horizontal activity (Apelex, Evry, France). Mice were first exposed 10 min to the apparatus for habituation. Then, animals were injected i.p. with morphine solution (10 mg/kg) 10 min before being placed again in the box. On the following 4 days, the same procedure was repeated and bilateral injection in the NAcc with lactacystin or 2% DMSO took place 1 h before i.p.
treatment. On days 6 and 7, mice were left in their home cages without any treatment. On the eighth day, animals were challenged with an injection of morphine (10 mg/kg) and were placed in the box 10 min later. Two control groups with no injection in the NAcc were added: the first group (Saline Control) received saline injections during the induction protocol (days 1-5) and on day 8. The second one (Saline/Mor Control) received saline injections during the induction protocol and morphine on day 8. Locomotion was measured during 1 h. Comparison between morphineinduced locomotion on days 1 and day 8 was used to evidence behavioral sensitization.
Egocentric Y-maze Procedure
Egocentric Y-maze procedure rewarded by intra-VTA morphine injections was described in Baudonnat et al (2011) . Mice were placed in a fixed starting box of the Y-Maze apparatus. By interrupting the photocell beam in one of the two target arms, mice could obtain a 5-mm 2 crisp (Vico) placed in a 10-mm diameter plastic cup or trigger an intra-VTA microinjection of morphine sulfate (50 ng) dissolved in artificial cerebrospinal fluid (aCSF 50 nl). The other arm was neutral. Mice were maintained for 30 s in the chosen arm. Intracranial injections were performed using an automatic computer-controlled apparatus and lasted 8 s. One hour before each daily session mice received intra-NAcc lactacystin or DMSO injections.
Heroin Self-Administration Procedure under Fixed-Ratio 1 Schedule in Rats
Behavioral testing was performed in Imetronic experimental chambers equipped with nose-pokes as operanda and controlled by Imetronic interfaces and software (Imetronic, Pessac, France) . Fifteen 3 h self-administration sessions were conducted using a Fixed-Ratio 1 (FR1) schedule of reinforcement after 10 days of recovery from surgery and were preceded by injections of lactacystin or 2% DMSO 1 h before each session. A single response in the active nosepoke hole immediately delivered an i.v. injection of heroin (or saline for control animals) and caused the house light to pulse for 5 s followed by a 5-s timeout. Duration of the injection varied between 1, 2, or 4 s to determine the dose of heroin injected (12.5, 25, and 50 mg, respectively). Responses in the inactive nose-poke hole were recorded but had no programmed consequences.
Histology
At the end of behavioral experiments, mice were killed by cervical dislocation and their brains removed for the histological verification of cannula placement as described in Artinian et al (2008) . Rats were euthanized with an overdose of chloral hydrate. Brains were removed and placed in 4% formaldehyde for a day and stored in 18% sucrose PBS for 1-5 days until sectioning. Coronal sections (30 mm) were cut with a cryostat, mounted on gelatin-treated slides and examined with a light microscope. Animals with incorrect cannula placements were excluded from the analysis.
Western Blot Analysis
Mice were treated with morphine or saline and confined 20 min in a compartment of the CPP apparatus. Directly or 40 min after the end of the confinement, animals were euthanized and NAcc were dissected as described for proteasome activity test. All samples were flash frozen in liquid nitrogen and later homogenized in Tris 50 mM, EDTA 5 mM, Sucrose 320 mM, and a protease inhibitor cocktail (Roche, Neuilly-Sur-Seine, France). Bilateral NAcc structures from four mice were pooled in a single sample and crude synaptosomal fractions were prepared as described by Dunah and Standaert (2001) . Western blot procedure was performed as described in Mouledous et al (2008) using ubiquitin monoclonal antibody (1/1000) (P4D1, Santa Cruz Biotechnology, Santa Cruz) and actin antibody (1/5000) (Sigma). Ubiquitination levels above 55 kDa were quantified and normalized with actin using Quantity One Software (Bio-Rad, UK).
Immunohistochemistry of Activated Caspase 3
Mice were injected intra-NAcc twice daily with lactacystin or 2% DMSO as described for place preference conditioning. One hour after the last injection of proteasome inhibitor, animals were deeply anesthetized with an overdose of sodium pentobarbital. Perfusion and immunohistochemistry were performed as described in Mouledous et al (2010) using anti-activated caspase-3 rabbit IgG (Ozyme, Saint-Quentin, France) at a concentration of 1/400 overnight and biotinylated secondary antibody (1/250; AB Cam, Paris, France). For each mouse, the lesion area inside the NAcc (lesion þ immunopositive areas) was calculated from three slices adjacent to the injection site and expressed as a percentage of the total area of the NAcc.
Statistics
All results are presented as group means ± SEM. Differences between groups were assessed using appropriate t-test or ANOVA followed, when necessary, by a Bonferonni post hoc test. Tests were performed using GraphPad Prism or Statview software.
RESULTS
Morphine Exposure Increases Protein Poly-Ubiquitination in NAcc Synaptosomal Fractions
We first investigated whether the UPS was activated in the NAcc of mice treated with morphine. Mice were injected with morphine (10 mg/kg, i.p.) or saline and placed, 10 min after injection, into a compartment of the place preference apparatus for 20 min. Immediately after this session, or 40 min after replacing the mice in their home cages, NAcc was dissected. Considering growing evidence of a crucial role of proteasome activity in this cellular compartment, NAcc was processed to obtain crude synaptosomal fractions. The rate of poly-ubiquitination, reflecting the amount of proteins addressed to the proteasome for degradation, was measured by western blotting (Figure 1 ). Protein polyubiquitination in the synaptosomal fractions of the NAcc in Opiate-induced behaviors necessitate protein degradation N Massaly et al morphine-treated mice was increased immediately after the session (160.6 ± 13.54% of control; po0.021) and returned to control level after 40 min (102.6±11.07% of control; p40.832), suggesting that ubiquitin-tagged proteins were degraded shortly after the session (Figure 1 ). Morphine exposure in a novel environment thus appears to induce a transient protein ubiquitination.
Injections of Lactacystin in Mice NAcc Are Effective Without Noticeable Toxicity
To test the role of UPS in the NAcc, we used local injections of the proteasome inhibitor lactacystin (Kisselev and Goldberg, 2001) . To verify the efficacy of this treatment, we quantified the inhibition of UPS 1 h after intra-NAcc injections using a fluorogenic proteasome substrate. Injection of 100 pmol lactacystin reduced proteasome activity in ex vivo NAcc homogenates by 59.3 ± 17.01% (po0.035; Figure 1c ). In addition, to test for toxicity induced by intraNacc injections, we measured activated caspase-3 activity in eight mice. Caspase 3 immunoreactivity was restricted to the vicinity of the injection site. Lactacystin and DMSO produced similar damage in the NAcc (lesion þ caspase immunoreactivity ¼ 14.7 ± 8.3 and 7.4 ± 5.0% of total NAcc area, respectively, for DMSO and lactacystin; p40.48; Supplementary Figure S1 ). This dose of lactacystin was thus considered as both effective and non-toxic, and was used to study the role of the UPS in behavioral procedures.
Development of Morphine CPP Is Prevented by UPS Inhibition in the NAcc
The rewarding effects of morphine were measured by morphine CPP (Tzschentke, 1998) . During the preconditioning test, mice displayed no natural preference for a particular compartment. They were then conditioned for 3 consecutive days in a counterbalanced manner. Each day, mice were submitted to a morphine (10 mg/kg, i.p.) and a saline conditioning session preceded by intra-NAcc infusion of lactacystin or DMSO. To rule out any nonspecific effect of lactacystin, we also used MG132 (or NaCl for control group), an UPS inhibitor with a different mechanism of inhibition and a shorter duration of action (Kisselev et al, 2001) . One day after conditioning, mice were allowed to explore the entire apparatus and time spent in the morphine-paired compartment was recorded. A twoway ANOVA revealed an effect of conditioning (F 1,51 ¼ 36.9, po0.0001) and an interaction between conditioning and intra-NAcc treatments (F 3,51 ¼ 4.22, po0.01). Post hoc analysis confirmed that mice treated intra-NAcc with DMSO or NaCl spent more time in the drug-associated compartment after conditioning than before ( Figure 2d , DMSO: po0.001; NaCl: po0.001). In sharp contrast, mice treated with lactacystin or MG132 did not show any preference for the morphine-associated compartment (Figure 2d , lactacystin: p40.05; MG132: p40.05). DMSO and lactacystin injections alone did not produce any appetitive or aversive effect (pre-conditioning: DMSO-saline (n ¼ 7), 49.98± 1.19% and lactacystin-saline (n ¼ 9), 48.35 ± 1.77%; postconditioning: DMSO-saline, 54.00 ± 4.27% (p40.05) and lactacystin-saline, 47.62±3.73% (p40.05)). Because of its long lasting effects, lactacystin could have interfered with the expression of morphine CPP 24 h after the last intra-Nacc injection. We treated mice with a single intra-NAcc injection of lactacystin 1 h before the postconditioning test (Figure 2f ). Lactacystin-injected mice exhibited a preference for the drug-associated compartment (po0.01) demonstrating that protein degradation by the UPS is not necessary for CPP expression. Finally, we were also able to exclude a possible irreversible toxic effect of lactacystin by showing that intra-NAcc lactacystin injections performed once daily during 3 days before submitting mice to a conditioning process did not disrupt druginduced place preference (po0.01; Figure 2h ).
Taken together, these results demonstrate the involvement of protein degradation via the UPS in the NAcc in the establishment of morphine CPP but not in its expression.
Behavioral Sensitization Depends on UPS Activity in the NAcc
In mice, morphine induces an increase in locomotion, and repeated injections followed by a withdrawal period enhance this response (Contet et al, 2008 ). This effect, Opiate-induced behaviors necessitate protein degradation N Massaly et al called behavioral sensitization, depends on neuro-adaptations in the NAcc triggered by the exposure to the drug and developing during cessation of drug administration (Vanderschuren and Kalivas, 2000) . To test the effects of intra-NAcc injections of lactacystin on locomotion induced by morphine exposure and on context-dependent behavioral sensitization paradigm, we used a sensitization protocol that consists of two phases: an induction phase, consisting of five daily injection of morphine (10 mg/kg, i.p.), and an expression test, consisting of the injection of the same dose of morphine after 3 days of withdrawal (Figure 3 ). During the induction protocol, morphine-treated mice exhibited a higher locomotion than saline-treated ones. A two-way ANOVA for repeated measures (days 1-5) shows an effect of i.p. There was no difference between the two groups that received daily morphine injection (DMSO and lacta). A twoway ANOVA for repeated values reported no effect of intra-NAcc treatment (F 1,68 ¼ 0.69, p ¼ 0.4), no effect of the test day (F 4,68 ¼ 0.70, p40.59), and no time Â intra-NAcc interaction (F 4,68 ¼ 1.10, p40.37). Thus, intra-NAcc injection of lactacystin did not impair the acute locomotor effect of morphine.
Comparing locomotion observed on day 1 and day 8 allows evaluating sensitization. A two-way ANOVA for repeated measures reveals an effect of treatment (F 3,35 ¼ 10.60, po0.0001), an effect of day (F 1,35 ¼ 14.40, po0.0006), and a treatment Â day interaction (F 3,35 ¼ 5.82, po0.0025). Post hoc tests show a clear difference between day 1 and day 8 for the DMSO group (po0.001) and for the Saline/Mor control group injected with morphine for the first time on day 8 (po0.01), but not for the two other groups (p40.44 for the saline control and p40.77 for the lacta. group). At day 8, the locomotion of the lacta. group was significantly lower than the locomotion of the DMSO group (po0.05) but not different from the locomotion of mice that received their first morphine injection on day 8 (p40.05). Thus, protein degradation by the UPS in the NAcc is necessary for the development of behavioral sensitization.
Lactacystin Infusions into the NAcc Disrupt Intra-VTA Morphine Self-Administration
To test whether the UPS is involved in the dopaminedependent reinforcing effects of morphine, we used intra-VTA morphine self-administration (David et al, 2002) . Mice had to choose between two arms of the Y-maze, one only being rewarded. In a first group of mice, the reward consisted in intra-VTA morphine injection. In the control group, intra-VTA injection of morphine was replaced by aCSF. In a third group, the arm was rewarded by a small piece of crisps. For all groups, half of mice were infused with lactacystin and the other half was injected with DMSO (Figure 4c ). Lactacystin-treated mice did not develop such a preference for the morphine-reinforced arm (p40.61). On the third, fourth, and fifth day, their number of self-injections was significantly different from DMSO-treated animals (po0.05, Figure 4c ). Interestingly, lactacystin treatment did not impair the task acquisition when highly palatable food (crisps) was used as reward (p40.57, Figure 4d ). Together, these results demonstrate the involvement of proteasomedependent protein degradation in the NAcc in operant responding reinforced by intra-VTA morphine injections but not by highly palatable food.
Inhibition of Protein Degradation by the UPS in the NAcc Shell Impairs Heroin Self-Administration in Rats
Finally, we studied the impact of proteasome inhibition on opiate reinforcement in a self-administration procedure in which rats could freely obtain intra-venous heroin infusion during 3-h daily sessions. Rats were injected bilaterally in the NAcc shell with lactacystin 1 h before each self-administration session. Animals were allowed to selfadminister three decreasing doses of heroin (50 mg/inj, 25 mg/inj, and 12.5 mg/inj) to establish a dose-response curve, whereas control rats could self-administer only saline ( Figure 5 ). At the dose of 50 mg/inj, rates of self-administration did not differ from saline. When the dose was decreased to 25 mg/inj, both lactacystin and DMSO rats self-administered significantly more than saline control rats. One-way ANOVA revealed that intra-NAcc treatment induced modifications in self-administration response rate during the session (F 2,24 ¼ 3.71, po0.05). When the dose was finally lowered to 12.5 mg/inj, DMSO-treated rats further increased the number of injections whereas lactacystintreated rats did not. One-way ANOVA revealed that intraNAcc treatment modified drug intake (F 2,23 ¼ 8.08, po0.01). Actually, the self-administration rate of lactacystin-treated rats did not differ from saline rats (Figure 5c ). A doseresponse curve was obtained by grouping data by heroin dose (Figure 5d ). A two-way ANOVA for repeated values revealed an effect of dose (F 2,18 ¼ 53.73, po0.0001), treatment (F 1,18 ¼ 9.486, po0.0001), and an interaction between these two factors (F 2,18 ¼ 12.49, po0.0001). A Bonferroni post hoc test showed that, at the heroin dose of 12.5 mg/inj, lactacystin-treated animals self-administered significant less opiate than controls (po0.01; Figure 5d ). Therefore, administration of lactacystin produces a vertical downshift (Zernig et al, 2004) in the heroin dose-response curve, which is consistent with a role of protein degradation in the reinforcing effects of heroin.
DISCUSSION
This study used several complementary models to evidence the role of protein degradation by the UPS in the reinforcing effects of opiates in rodents. We demonstrated that inhibition of protein degradation by UPS in the NAcc blocks the establishment of all behaviors tested in this study, involving either passive (place preference, behavioral sensitization) or active (self-administration) exposure to the drug. Our lactacystin treatments did not appear to be toxic or to have an overall detrimental effect on mice behavior. Indeed, our data show that lactacystin injections do not affect choice latencies in the egocentric task of the Y-maze experiment and do not block CPP expression (i.e., when injected only before the test, Figure 2f ) nor CPP acquisition when injected during 3 days before the beginning of the conditioning (Figure 2h ). It also spares acute motor hyperactivity induced by morphine. Altogether, this suggests that the effects of lactacystin are unlikely to rely on a blockade of the acute, unconditioned, effects of morphine exposure. An important aspect in the tests that we used to evaluate morphine-related behaviors is their context dependency.
In place preference and in the Y-maze experiments, mice have to associate drug exposure with a location using environmental cues. The behavioral sensitization paradigm we used is also known to depend on the context (Badiani and Robinson, 2004) . It has been suggested that drugs of abuse lead to abnormally strong association between the context and the drug by potentiating glutamate-mediated inputs that provide contextual information to the NAcc (Girault et al, 2007; McClung et al, 2008 ). Here we show that, although UPS blockade does not impair acute effects of morphine, it blocks sensitization and place preference, which require long lasting plastic changes. Thus, our data strongly suggest a requirement for UPS-dependent protein degradation in drug-induced plasticity in the NAcc, which is necessary for the development of the conditioned effects of the drug.
Several lines of evidence support this conclusion. First, protein degradation has been shown to participate in synaptic plasticity in the hippocampus (Citri et al, 2009; Dong et al, 2008; Karpova et al, 2006; Sun and Wolf, 2009) and the processing of episodic-like memory requires, in that structure, the degradation of proteins associated with synaptic plasticity such as Shank, GKAP, and IkB (Lee et al, 2008; Lopez-Salon et al, 2001) . Second, UPS has previously been associated with synaptic plasticity in cultured NAcc neurons (Sun and Wolf, 2009) . Furthermore, recent studies showed that behavioral sensitization (Pascoli et al, 2011) and drug craving rely on the potentiation of glutamate inputs to the NAcc (Conrad et al, 2008; Mameli et al, 2009) and that vulnerability to addiction is due to an impairment of NAcc long-term depression of these inputs (Kasanetz et al, 2010) . In the light of these results and on the basis of our observations, we propose that exposure to drugs of abuse triggers, in the NAcc, the degradation of a specific set of proteins that is necessary for synaptic plasticity underlying the development of addiction. Several known direct or indirect targets of the UPS, such as synaptic anchoring proteins Shank and GKAP (Lee et al, 2008) or transcription factors CREB and deltaFosB (Carle et al, 2007; Dong et al, 2008) , could be regulated by this process. Future work will help identifying the NAcc UPS targets whose degradation participates in the development of morphinerelated behaviors described in this study. DMSO (squares) and lactacystin (circles) in coronal sections ranging from þ 1.7 to þ 0.86 mm from Bregma. (c) Mice were exposed to intra-VTA morphine or aCSF self-administration. DMSOtreated animals (open circles, n ¼ 6) increased gradually their number of choice of the rewarded arm, whereas lactacystin animals did not (full circles, n ¼ 9). No preference was observed for the control group receiving aCSF into the VTA (squares, DMSO: n ¼ 6 and lactacystin: n ¼ 8). (d) Mice receiving either lactacystin (n ¼ 6) or DMSO (n ¼ 6) infusions into the NAcc developed a preference for the highly palatable food-rewarded arm. Data are presented as mean number of entries in the rewarded arm over 10 successive trails ± SEM for each daily session.*po0.05, **po0.01, ***po0.001 for morphine vs aCSF or crisps vs chance (5 over 10 trials). $ po0.05 for lactacystin vs vehicle (DMSO).
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Finally, one of the interesting results of the present study is the differential effect of lactacystin on food and morphine reinforcement. Using the same experimental conditions, we have recently reported that food-reinforced mice use a spatial learning strategy involving the hippocampus, whereas drug-reinforced subjects will use instead an associative, stimulus-response process depending on the striatum to learn the same task (Baudonnat et al, 2011) . Therefore, although interfering with UPS activity within the NAcc is likely to decrease both food and drug reinforcing properties, this would disrupt learning more efficiently in drug-reinforced animals than in food-reinforced mice which rely on a more distributed circuit to learn the task.
In conclusion, this study constitutes the first demonstration of a behavioral role of protein degradation in the NAcc. This knowledge is crucial for the understanding of the molecular adaptations required for drug addiction. However, targeting proteasome activity in the brain by peripheral drug injections would probably be accompanied by too many detrimental effects (Chen et al, 2011) . E3 ubiquitin ligases that allow the fixation of the ubiquitin chain on specific proteins and present a very large diversity in humans (Ande et al, 2009 ) could represent more selective pharmacological targets. The identification of these E3 ubiquitin ligases as well as their target proteins is thus warranted to fully exploit the potency of the UPS for the control of addiction-related behaviors. Figure 5 Protein degradation in the NAcc shell is necessary for the development of an adaptive addictive behavior to a decrease in reward delivery in self-administration paradigm. Rats were allowed to self-administer intra-venous heroin according to an FR1 schedule 1 h after intra-NAcc injections of lactacystin (heroin/lacta. group, n ¼ 9) or vehicle (heroin/DMSO group, n ¼ 10). Saline/control rats (n ¼ 6) were allowed to self-administer saline under the same schedule. Opiate-induced behaviors necessitate protein degradation N Massaly et al
